Introduction
The power supply system for the joint LBL-SLAC proposed accelerator PEP provides the opportunity to take a fresh look at the current techniques employed for controlling large amounts of dc power and the possibility of using a new one. A basic requirement of + 100 ppm regulation is placed on the guide field of the bending magnets and quadrupoles placed around the 2200 meter circumference of the accelerator. The optimization questions to be answered by this paper are threefold:
(1) Can a firing circuit be designed to reduce the combined effects of the harmonics and line voltage unbalance to less than 100 ppm in the magnet field.
(2) Given the ambiguity of (1) , is the addition of a transistor bank to a nominal SCR controlled system the way to go or should one opt for an SCR chopper system running at 1 kHz where multiple supplies are fed from one larqe dc bus. ( 3) The cost-performance evaluation of the above three possible systems.
The rate of "filling" the machine from SLAC with electrons and positrons is in the 3-5 minute area, so the velocity constant requirements are satisfied with a closed loop bandwidth of approximately 15 hertz. Because of this minimal requirement on system bandwidth for control reference inputs the 6 pulse thyristor controlled supply could suffice. Also, because of the attenuation to ripple components at the 6 pulse frequency and higher provided by the magnet structure and beampipe to these frequency components in the magnet voltage, again the nominal 6 pulse SCR supply will suffice with possibly some nominal filtering. In the third critical area where judgement must be passed on whether a 6 pulse supply is adequate for the task, that of response to line voltage perturbations, a new look at some old theory with some surprising results will show that the 6 pulse supply is marginally adequate. Finally, and obviously, the low frequency drifts and variations due to temperature, supply voltage, etc., as they affect the current monitoring means and front-end drift of the error amplifier can be minimized to whatever extent necessary independent of the kind of high-powered controller chosen for the task.
So what, after all, is this paper to be about if the conclusion is so obvious as the foregoing would imply? In a word, it is the Firing Circuit that makes a more careful analysis necessary. In (5, 7, 11, 13, etc.). These non-characteristic harmonics occur because the conventional circuit uses six timing voltages from the 3 phase system to provide the zero crossings which determine the a = 0 points for the six time delays controlled by the error voltage (see Figure 1 ). The ability of one phase to alter a subsequent one by means of its line current being reflected through the source impedance provides the means for other-than-normal harmonic magnification. Figure 3 scheme multiplexed for the number of thyristors used, is that the varying offsets and gains of the multiple-AC-input-comparator scheme with the subsequent sub-harmonics in the dc output are eliminated.
It should be mentioned at this point in discussing harmonics that one of the system design decisions regarding whether or not to increase the number of pulses from 6 to 12 involves not only ripple and speed of response considerations on the dc side, but also what is the tolerable level of 5th and 7th harmonics on the ac system. The paper by Stratford and Steeper6 contains a wealth of information of reactive compensation and harmonic suppression, including the abnormal-harmonic-converter problem. A brief summary of this work as it relates to the optimizing problem faced here follows. Converters that control dc power by phase-control of their firing-angle directly affect the reactive power drawn from the ac system as shown in Figure 4 . The situation is alleviated by sequential control of multiple converters (2 shown in Figure) , and/or by adding capacitors to the ac system. Unfortunately the capacitors must be switched depending on the reactive requirements, but economic considerations may necessitate it.
Reactive volt amperes (VARS) cost from $0.15 to $0.30 per KVAR-month from a utility. The utility usually furnishes reactive power without charge for power factors of 0.95 and above.
Power companies do not charge for absorbing harmonic currents generated by power converters, but often insist that the user reduce the harmonic to an accepted level. This level is not well defined but generally is around 2%. The maximum amplitudes of harmonics are given by In = Il/n where II is the fundamental and n is the harmonic number. Just taking the lowest order harmonic current product with the system impedance will give considerably lower voltage than that arrived at by using the Distortion Factor which includes all the harmonics.
If power factor capacitors are used, harmonic traps can be constructed by dividing up the capacitors and combining with the appropriate L and Rs. The parallel resonances with the source impedance must be carefully calculated to avoid harmonics of 60 Hz.
Perturbation Reduction
Before making a decision on whether or not a transistor-bank must be employed in addition to the thyristor controls on the dc current, there must be a clear understanding of the effective band-width of the system to line voltage perturbations. For it is through this voltage channel that wideband noise is introduced into the system; the slow thermal time constants are sufficiently reduced by the low frequency gain of the system. The perturbation signal U is shown on Figure 5 to be introduced at the output voltage of the supply. Treating a system for the moment without any voltage filtering gives a G = 1 in the feed-forward path. In feedback is the term H = K/s, which is the result of cascading the magnet transfer function (pole), the transductor, the error amplifier with pole-zero compensation, and the power supply. The transfer function:
is shown in the Figure 4 Bode plot to reach unity gain where s = K. This closing frequency is typically 80-100 hertz at best in a 6 pulse system to avoid the p60/2 frequency and sub-harmonic oscillations. Beyond this frequency the loop cannot attenuate any noise introduced at U. But the transference of interest is actually from the white noise input U to the magnet current (or better yet the magnet field D), so an added cascade term must be added. (Of course, this could have been done in the original loop as the feed forward term G, but separation as done here gives a more graphic and completely equivalent result) . The Bode Plot of Figure'  6 shows the additional cascaded term and the resulting overall transfer function from perturbation to magnet current. The result shows that the minimum attenuation available at any frequency is equal to the ratio of the closed loop frequency to the magnet corner-frequency (or the product wcl. loop Tmag ). With a magnet time constant of 1 second and an 80 Hz. closing frequency, for example, the ratio and therefore the least attenuation is 500. Thus a i 5% white noise spectrum coming into a power supply through the line voltage would be everywhere reduced to at least t 0.01%, and beyond the fmag -fo range have proportionally greater reduction.
The emphasis of the above analysis is that the minimum attenuation to white noise inputs (typically 1-5%) can be possibly enough at all frequencies (depending on the fo/fm ratio) to meet specs; but the major pulse frequency component in the output voltage (32% at p = 6) may have to be reduced further to reach say 100 ppm in the current. This further reduction in the current ripple component is normally done by LC filters but at a substantial price because the loop closing frequency must be lowered to keep the loop stable, with a corresponding reduction in the all-band attenuation. A far better approach is to measure the transfer function from magnet voltage to fHdZ, taking advantage of the substantial attenuation through the magnet structure and beam pipe,and then design the filter based on the data. This measurement will shortly be done on the prototype PEP bends and quadrupoles.
Transistor Systems
Given the kind of attenuation that exists between line voltage perturbations and the magnet current or field, and assuming the new constant-pulse-spacing firing circuits will solve the harmonic instability problems, it would seem that the thyristor bridge circuit was as far as one had to go for 100 ppm system. But unfortunately the controlled rectifiers are made of thyristors which really act like switches and their "time-quantized" nature means that if just after a thyristor in one leg of a bridge has turned-on there is a line voltage perturbation, there cannot be a correction for on-the-average 1/360 seconds. Assuming the one second time constant used before, and an idealized corrective response from the analogue part of the current regulating loop, the error in current for a 5% perturbation would be 5% x 1/360 = 0.014% or : 
Chopper System
One way to avoid the difficult and expensive task of deciding which type of transistor configuration to use, how to make its loop compatible with that of the thyristor supply, and how to fabricate and protect the bank for maximum reliability, is to avoid the task entirely and use a chopper system instead with a thyristor as the switch. Even though the chopper is a time-quantized controller, (but one that must be artificially rather than naturally commutated as in the AC-fed circuit), it can decrease both the average delay time and small-signal loop time-constant in direct proportion to its increased repetition rate over the 6 pulse system. If a system is close to meeting its performance requirements with a 6 pulse thyristor system, going over to a 4 or 5 times faster chopper system might be more desirable than adding the transistor bank. The desirability naturally is a mix of a cost and reliability comparison of the two choices.
On a single supply basis the cost comparison between the thyristor bridge, with and without transistors, and the chopper can be made. But on a large system such as that of PEP, it would seem that substantially greater savings could result from converting a far larger block of power from ac to dc in a single transformer-rectifier supply and then running a large number of choppers and inverters from this one dc bus. A comparison of this larger nature will be done shortly for bend magnet portion of the PEP system. 
